Simulation by Tmcking
In a pyvmus report [All, a Spallation Neutron Source c w m n g with a 600 MeV Linac followed by two fast cycirng synchrotrons was presented. Later, an alternate sckmc with a 1.25 GeV Linac plus two accumulator nngs was proposed. The results of a computer omuLuon of the injection and the capture of protons in there nngs are discussed in this paper.
The L a U u of one of the proposed rings [A21 is shown in Fig A. 1. together with a plot of the optical functions. B ud dispersion. The ring has three super periods wuh FODO cells and long straight sections, with a total lagth d 180 m. One straight is dedicated to the injecm. one m g h t to the extraction and one contains the RF caviucs The injection of H-ions, converted to protons in a uripping foil, and the fast orbit bump assocmed with the process are described in detail in a foliowmg sauon. The main parameters of the machine are descnbcd m the Appendix.
The sirnubum has been performed with the code Accsim. developed at TRIUMF [A3] . It is a full 6-dimension umulauon. with tracking of a certain number of macro partrcles through the lattice in the presence of space charge forces and beam to wall interaction. The initial duwibulron in the transverse and longitudinal phase space of the representative particles was random. Then, the vaciung was done by representing the lattice with a ccmn number of transfer matrices built from a description of the lattice with the code Mud [A41. Accsim also lakes into account the scattering in the injection foil, that is traversed many time by the injected and stored beam during the fm turns.
Main goals of the simulation w e e (i) strictly limit particle losses in order to avoid d a t i o n contamination, since the required injected beam current is very high, (ii) inject a long pulse to decrease the average current that the linac should deliver, and (iii) experiment with various beam energy spreads, and with beams carrying some halo.
Losses arise from two main sources, H ' ions missing the foil, or not being converted to protons and protons hitting the walls during the accumulation process. This latter effect was simulated by inserting suitable aperture diaphragms along the ring circumference, in the location where the beam envelope was larger. Accsim counts and records foil mishits and particles hitting the apertures and take them off the tracking cycle.
Injected pulse was made as long as possible, both increasing the number of injected bunches and by increasing the longitudinal phase. range of acceptance in the RF bucket. The height of the bucket itself was kept as small as possible, to limit the RF power requirements, compatible with the beam energy spread. The harmonic number used was one, to make use of the longest possible bucket.
The strategy used in the simulation was the following.
A stripping foil was placed offset, both in the horizontal and vertical position and the foil was hit by particles with gaussian random distribution in the msverse phase space. A fast orbit bump with various time shape was applied, in order to adiabatically bring the final beam after the injection to the equilibrium orbit, and the losses were recorded. Changing the bump shape determined the particle dismbution inside the beam and strongly affected the loss rate, since it controlled the space charge forces and therefore the diffusion of the beam.
The longitudinal phase space was filled with a uniform random distribution in phase, corresponding to a chopping of the linac beam, and a gaussian disrribution in energy.
At first, the emittance of the beam, the extension in phase and the energy spread of the beam were set to small values. Also, the foil was assumed rather thin to minimize scattering. From the beginning we hied to inject 1, OOO turns, a comfortable value €or the average current in the linac. We started to change the btmp shape and the foil position in order to generate different particle distributions, while watching the losses during injection and accumulation, and also discarding those cases that generated a maximum space charge tune shift greater than 0.1.
We were guided by the experience with the AGS Booster at Brookhaven that showed how a very intense proton beam seems to be accepted more easily if the beam distribution in the transverse phase space is somewhat hollow, a sort of "smoke ring". Using 10, OOO macro particles in the simulation we could after some attempts reduce the losses to zero (<104).
Following this first stage, we proceeded by gradually increasing beam emittance, energy spread and bunch length. Also the foil was made thicker. After some trials, we again succeeded in the simulation to inject and store the total charge with no losses and with a controlled tune shift. We repeated the best case with l00,OOO particles and again saw no losses at the level of In a final run, we tried to address the problem of a possible halo in the injected beam, checking the behavior of a beam with 10 times the beam emittance and 10% of the charge. The losses that were seen in this case gave a rough indication of the losses that we could expect from the halo.
Results are given in Table A .1 and in the figures A.34.
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Conclusions
In comparison to the synchrotron, the fmed energy accumulator seems a much easier machine. On the other hand, the higher energy linac is much more demanding in the latter case. The level of losses that we could see in the accumulator was much lower than in the synchrotron.
However, the comparison is not completely fair, since the simulation for the synchrotron was done in only the longitudinal phase space, in the presence of space charge forces, using the Fermilab code Esme [A5], while the present simulation was in full 6 phase space dimensions. We feel that a simulation only limited to the longitudinal motion is somewhat pessimistic as far as losses are concerned. To stress this point, the important effect that we observed by using smoke rings in the transverse space could not be observed with Esme and the like.
The BNL report BNL-60678 (April, 1994) .
was done by A. van Steenbergen (1994) . Table II) .
TRIUMF
7.
--0 . The transverse dimensions of the stripper foil, taken here to be a 300-pgkm2 C*2 foil, are obtained from the RMS H-beam size by requiring that the foil be approximatei y f 50, a dimension for which the number of incident particles missing the foil is e lo-'. For the present run the foil was taken to be a "postage stamp" 6-mm horizontal and 9-mm vertical. The foil center is positioned at x = 31-mm outside the DC-bumped horizontal equilibrium orbit to give about 2-mm clearance between the foil inner edge and the outer dimension Xm of the ring acceptance ellipse of area A = (1oorr-mm-mr, Xm = 26-mm. The initial amplitude of the exponentially collapsing horizontal bump is taken as AH = 29-mm to produce a 2-mm radius hole in the ring circulating beam and thereby avoid excessive spacecharge density at the beam center. The rate of collapse of the exponential bump is set so that no more than 2001~-mm-mrad of the acceptance is filled during the 626 turn injection interval of 416 psec duration. Concurrently, the vertical phase space is filled with an exponentially rising bump since the H ' beam and the center of the stripper foil are both located in the median plane.
The filling of the horizontal ring acceptance is illustrated in It should be noted that multiple coulomb scattering (MCS) is very small for 1.25-GeV protons on C*2, in conhast to the 600-MeV case (see section D). For the present results only the lead term (Gaussian) in the Molidre expansion was used since the Moliere B parameter is undefined for the present conditions.
The multiple coulomb scattering angle 8Mcs computed for this case is only 7.2-pad, and the contribution to NLOST from MCS is negligible. The losses are principally from nuclear elastic scattering as seen by comparing NSCAT and NLOST. For nuclear elastic scattering, the angle distribution probability tables previously used for 600-MeV protons on C12 were used, with o,l = 145.3 millibarns, and we have therefore underestimated the total number of nuclear elastic events since the total elastic cross-section is increasing slowly with energy in this energy region. However, at 1.25-GeV the angular distribution of elastic scattering is more forward-peaked so that a larger fraction of scattered protons will be within the ring acceptance.
References fsl] L.N. Blumberg, H-Injection Simulation for a 5 M W Spallation Neutron Source. BNL informal report BNL-60071 (Feb. 1994 
C. Layout of 1.25 GeV Accumulator Ring Injection Straight Section
The proposed layout of the L = 9.2-m injection straight is given in Fig. C .l. The incident 1.25-GeV Hbeam, with magnetic rigidity B p = 65.943-kG-m, first passes through a DC septum-spiitter magnet BDCI and is deflected by an angle i 3Dc = 51.25-mrad. A second deflection in magnet BDC2 of -8~c brings the H-beam parallel to, but displaced by 10.25-cm from, the unperturbed ring equilibrium orbit. The 4-magnet chicane, BDCl to BDC4, forms a local orbit deformation in the straight section centered on the stripper foil. The choice of magnetic field, B = 3.38-kG in these magnets, is such that the fractional magnetic stripping probability is 10" in one meter, which leads to a stripping loss of& = 1.5 lo4 in the approximately 1.5-m of H path length in Fig. C-1 . This loss is much larger than obtained for the distributed ring losses from foil scattering given in the previous section; however it represents a local loss within the injection straight section of Ho particles which are emitted tangential to the H ' orbit in BDCl and BDC2. We could further assure that these H@s (and H+ ions resulting from magnetic stripping of H ' ) interact within the straight section by putting Pb shielding (not shown in Fig. C-I ) along the outside edge of the beam trajectory in these DC magnets, since the absorption length for non-elastic interactions of highenergy protons is only 18.5-cm, much less than the 77-cm range of 1.25-GeV protons in Pb. It should be noted that our magnetic stripping losses are much larger than will be incurred in the European Spallation Source (ESS) straight section design [CI] of fs = 4.1 with a magnetic field of B = 1.77-kG and H kinetic energy of 1.334-GeV. Similar comments pertain for the magnetic stripping losses in the 8 m straight section provided for the Los Alamos (LANSCE-11, 1-MW) 800 MeV accumulator ring design [Cz, C3] .
We believe that the larger losses in the present design are tolerable because they are localized in the injection straight, in contrast to the distributed scattering losses discussed in the previous section.
Also shown in Fig. C .1 is a fast horizontal orbit bump of 32.5-mm amplitude formed by the 4-magnet chicane BHFl to BHF4, which displaces the center of the 400x-mm-mrad ring acceptance ellipse to the center of the ~1 2 stripper foil. The stationery H-team is also centered on this point. The magnetic field required in these fast bump magnets, B = 4.286-kG, is relatively large due to the limited space available within the straight section, but is still within the range of modern femtes [C4] . The kicker magnets for the vertical 4-bump chicane, BVFl to BVF4, have a smaller peak field of B = 2.11 -kG because the vertical bump has been 9 tailored to the requirements of the "smoke-ring" phase space filling described in Section A. Another major source of local losses is the foil inefficiency in conversion of H-to H+. Webber out that residual H ' ions which pass through "pinholes" in the stripper foil or miss the stripper foil due to halo around the incident H-beam will also be converted in the thick stripper and discarded in the external dump.
The backup thick stripper will also be needed as a safety device if the primary stripper foil fails due to beam damage. An alternative to the beam dump scheme proposed here is to put Pb absorber (not shown in Fig.  C.1) in the I-m aperture of BDC4 and the 90cm drift space downstream of BDC4, thereby creating a beam dump within the straight section. Finally it must be noted that we have used two magnets, BDC2 and BDC3, for the central bend and located the stripper foil in the 20-cm gap between these magnets, in contrast to the single magnet central bend used in the ESS [Cl] and LANL [C2] designs where the cm2 .
foil is contained within the central magnet. In the present design the stripper foil is accessible and the foil can be readily replaced using a suitable foilthanging mechanism. (Of course, the foil is accessible in the ESS and LANL designs if the central bend is a C-magnet)
The fringe fields of magnets BDC2 and BDC3 should be sufficient at the foil position (-1-kG) to sweep knock-on electrons fiom the circulating beam aperture, thereby avoiding electron trapping by the ring proton beam. Nonlinear instabilities observed at LANSCE have been attributed to the trapped electrons. Also, failure of the C12 "postage stamp" foils, regarded as a major operational limitation by the LANSCE group, has been investigated at Los Alamos [C7] . They studied 12-mm x 16-mm and 16-mm x 16-mm foils of 200-p@cml2 thickness with 800-MeV protons and, at fluxes of 6.0-6.6 10I6 /cm2-sec, they observe foil lifetimes of 6.0 1022 /cm2 to 1.1 lG3 /cm2. The fluxes and foil dimensions are similar to those proposed here, Le. we have 2 loi4 incident H-per pulse, 30 puWsec, and 8 proton traversals of the foil per incident H-, giving 4.8 10I6 /sec on a 1.13 cm2 foil. In the worst case reported, the useful foil lifetime at LANL was 278 hours (11.6 &YS).
The foil preparation method at LANL has been elecmn-beam evaporation of 100-pg/cm2 foils which are then superimposed to make a two-layer 200-pg/cm2 "sandwich". The foil is then supported by an array of 4-5-jm carbon fibers. Other methods of foil preparation have been studied [C8, C91 which suggest that longer foil lifetimes can be attained using heavy ion sputtering or laser-plasma ablation. It has been suggested [ClO] that the thicker, 600-pg/cm2 foil proposed in the present design will result in larger energy deposition per proton traversal and may lead to shorter foil lifetime. The energy deposition rate dEldx is only 10% less at 1.25-GeV than at 800-MeV. Clearly, the problem of foil lifetime vs. foil thickness needs further study. 
D. Injection Losses vs. Number of Injected Turns and Emittance of
Incident H-Beam in 3.6-GeV Rapid
Cycling Booster
For the original BNL Spallation Source Design Study [Dl] only 300 turn injection from a 600-MeV Linac of normalized R M S emittance 0.35~-mm-mr horizontal x 0 . 4 2~ -mm-mr vertical was considered for injection into the 30-H~. 363-m circumference, 3.6-GeV ring. It is of interest to determine how rapidly distributed losses in the ring increase with increasing injected turns (and consequently lower average Linac current), and funher to determine how strongly our loss predictions depend on the assumed emittance of the incident H-beam--a property which in turn depends on the performance of the H ' ion source and subsequent dilution in the Linac and beam transfer systems.
A series of runs were undertaken using the HMINOSINJ code [D2] and a sample of 4.106 incident particles to assure better than 10% accuracy in the computed loss fraction. The computer time required using the BNL NSLS VAX-8600 was greater than 50 hours of CPU per run, thus limiting the number of variations of parameters attainable. Results were obtained for 300, 400, 500 and 600 injected turns at each of five H-normalized RMS emittances: e,, = E/lr = 0.16, 0.35,0.55, 0.75 and 1.0-mm-mrad. C12 smpper foil sizes of about +5a were used and correspond to square foils of sides 10, 15.4, 19.3,22 .56 and 26-mm.
The thickness of the foil was held fmed at 300 Wcm for these runs. The results are given in Fig. D .l where the lines are simply drawn through the points and do not represent fits to the data. The ring acceptance was taken as A H = AV = 32h-mm-mr and the injected beam initially filled no more than 50% of the acceptance. An exponentially collapsing bump was used in the horizontal plane and an exponentially rising bump in the vertical.
The losses vary from as low as (3.07 rt 0.28).10-5 for the 300-tum. 10-mm x 10-mm foil to (3.87 rt .07).10-4 for the m-tum, 26-mm x 26-mm foil. Limiting the ftactiona~ ring losses to c 10" will require a Linac normalized emittance of c 0.35~-mm-mr for the number of turns 'considered here. The losses increase nearly linearly with emittance but less rapidly with increasing number of injected turns. It should be noted that the losses extrapolate to zero as the emittance, and hence the foil size, approach zero--= expected.
Also of interest is the relative importance of multiple coulomb scattering (MCS) and nuclear elastic scattering (NES) in the loss process, as well as the correlation of losses with average number of foil traversals dV+ per incident H ' . The particle losses are summarized below. In the above, NLOST is the number of particles outside the 32h-mm-mr ring acceptance after injection is completed, NSCAT is the total number of nuclear elastic scattering events, and NINT is the total number of nuclear interaction, elastic plus non-elastic, experienced by the 4.106 sample. The losses appear 10 track the number of foil traversals de> quite weU. The foil traversals are in turn reasonably correlated with foil area. Also, nuclear elastic scattering appears to account for no more than about 40% of the losses; thus coulomb scattering is an important effect at O-MeV, in contrast to the higher energy res& of Section B.
For the above runs, the nuclear elastic scattering angular distribution at 600-MeV was obtained from measurements of Jones @I31 at LAh4PF and fitted to the diffraction scattering theory of Fernbach, et al. W I .
The data give a total eiastic cross-section of Oel = 145.27-millibarm. Additional data on nonelastic crosssections for -600-MeV protons on C1* by Renberg, et al. [D5] at CERN give the total cross-section q-of 378.3 millibarns used here. The value of cq-is consistent with BNL measurements by Palevsky, et al. [wl at 1-GeV. 
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